Hole-doped manganese oxides with perovskite structure exhibit rich physical behaviors, which originate from the interplay between spin, charge, orbital, and lattice degrees of freedom as well as strong correlations among electrons.
1,2
The parent compound LaMnO 3 is an A-type antiferromagnetic ͑AF͒ insulator. Upon doping of holes, a ferromagnetic metallic state appears at low temperatures and the colossal magnetoresistance effect is observed near the ferromagnetic transition temperature. With dopant increasing, the ferromagnetic transition temperature decreases and an insulating state comes out again. 3, 4 Owing to the Jahn-Teller distortion, it is considered that Mn d 3z 2 Ϫr 2 and d x 2 Ϫy 2 orbitals are alternately ordered in the crystal. 5 The A-type spin and C-type orbital antiferromagnetic structure was observed experimentally in the undoped manganites. 6 Recently, much attention has been attracted to the anomalous properties of La 1Ϫx Sr x MnO 3 at xϳ0.12; the resistivity shows a sharp upturn below a certain low temperature T oo . 7, 8 The ferromagnetic metal-insulator transition is actually driven by orbital ordering which was directly observed by the resonant x-ray scattering. 6, 9 The high-energy resolution angle-resolved photoemission ͑ARPES͒ measurements reveal the existence of a pseudogap ͑PG͒ at the Fermi surface 10 at low temperatures. The doping induced transition to ferromagnetic metal around T c was explained by means of double exchange ͑DE͒ theory proposed in 1950s and 1960s. 11 However, this scenario is not compatible with the recent experimental discoveries, and new approaches are needed to understand the complicated behaviors. Some authors ascribe the anomalous features to the orbital dynamics, 5, 12, 13 which leads to the incoherent structure of the optical conductivity. Theoretical studies show that the energies of the C-and G-type orbital structures are degenerate. 14, 15 So far, little is known about the property of doped holes in Mn oxides. We believe that the orbital model provides a good starting point for considering the dynamics of holes in the ferromagnetic spin system. In particular, it is of interest to investigate the dispersion relations of a single hole moving on the two different orbital backgrounds.
In this paper, we start with an orbital t-J Hamiltonian for manganites, and assume that electronic spins are fully saturated and will henceforth be neglected here. This model consists of hopping terms between the same and different orbitals ␣, ␤ on neighbor sites and an orbital superexchange interaction, which differs from the usual t-J model as a potential candidate for the microscopic understanding of the cuprites. The t-J-like orbital Hamiltonian without the spin degrees of freedom is expressed as 16, 17 HϭϪ ͚ i j␣␤
͑1͒
where c i␣ † ϭc i␣ † (1Ϫn i ) creates an electron at an empty site i with orbital ␣, for which we denote the two degenerate orbits by ↑ϭd 3z 2 Ϫr 2 and ↓ϭd x 2 Ϫy 2, and the rest of the notation is standard. In this paper, the unit of energy will be tϭ1. The transfer integral t i j ␣␤ depends on the orbitals, the anisotropic transfer matrices are expressed by 12, 18 
͕x ,ŷ ,ẑ ͖. The transfer matrices t i j ␣␤ allow orbital flipping while an electron hops in the x-y plane, which contrasts to the usual t-J model. The superexchange coupling constant is Jϭ4t 2 /U, where U is the on-site repulsion between spinparallel e g electrons. The present model has been studied by several authors. For example the anomalous spectral distribution in doped manganites was explained. 16 At xϭ0, the optimal choice of the occupied orbitals for G and C type could be chosen by minimizing the classical energy. In order 
The value of is to be optimized. At xϭ0, the superexchange part H J in the orbital subspace of Eq. ͑1͒ may be mapped onto a spin problem, and can thus be treated within the linearized spin-wave theory. Here we choose the Holstein-Primakoff transformation for localized orbital operators (Tϭ1/2). T i ϩ ϭa i ϩ ͱ1Ϫa i ϩ a i for i A sublattice and ͱ1Ϫa i ϩ a i a i for iB sublattice. A and B represent the different sublattices with an alternating orbital background. We find the classical ground energy depends on the rotating angle for C type but angle independent for G type. The minimum classical energy per bond is Ϫ 3 4 J at ϭ/2 for C type and at any for G type. In the momentum space and at ϭ/2, the linearized Hamiltonians for G-and C-type orbital waves are identical,
where
the diagonalized orbital wave Hamiltonian takes the form
with the orbital wave dispersion
This anisotropic energy of the three-dimensional ͑3D͒ model comes from the contributions of the bonds in the ab plane and along the z direction. We assume that a slight doping does not severely disturb the long-range orbital ordering in manganites, such as C-type and G-type ordering in the undoped material LaMnO 3 . The first term H t of Eq. ͑1͒, which describes the hopping of electrons from site to site, can be expressed in the representation of hole-orbital separation similar to the hole-spin separation for the usual t-J model in the work of Schmitt-Rink and Varma. 19 This method has been widely used to describe the evolution of the quasiparticle ͑QP͒ dispersion based on the usual t-J model for cuprites. 20 We introduce hole operators h i such that 
In this representation, the Hamiltonian is reduced to
where iϭ1,2 for G-and C-type orbital structures. [20] [21] [22] [23] [24] revealed that the self-consistent Born approximation presented a remarkable agreement with the exact diagonalization calculation. Based on the self-consistent diagrammatic approach, we evaluate the self-energy of these two systems numerically by the ordinary iteration procedure and in the mesh with 1000 points in the range from Ϫ5 to 5 ͑in units of t). The simulations have been carried out on clusters with 4ϫ4ϫ2, 6 ϫ6ϫ2, and up to 8ϫ8ϫ2 sites, and found that the finitesize effects are not expected to change the results drastically. A similar effect was also observed in the calculation in the t-J model, which the technique was first invented for. The dressed hole QP dispersion can be obtained from the poles of the hole Green's function which correspond to the maximum peak in the spectral function A(k,). In Fig. 1 , we show the QP bands along a specific moment route in the Brillouin zone for G-and C-type orbital backgrounds. Although they have the degenerated orbital wave excitation, the holon dispersions have completely different shapes for these two backgrounds. In Fig. 1 , the solid squares and up triangles correspond to the two branches of k z ϭ0 and k z ϭ, respectively. It is shown that the many-body effects strongly reduce the band splitting, and the variation of two branches is very similar for each structure. The overall shape of the QP dispersion is completely different from the free hole dispersion, which is due to the scattering of orbital in the strongly correlated system. It also differs from the usual t-J model 20 which has the minimum energy at (/2,/2) and an extended ''flat'' region around (,0). This difference originates from the interorbital flipping in the ab plane in the present model. For C-type, in Figs. 1͑a͒ and 1͑b͒ , we find a large excitation energy around (,0) comparable to the minimum value at ͑0,0͒ and (,), and there is an orbital ''bag'' around the point (,). For G type in Figs. 1͑c͒ and 1͑d͒ , the difference between the two branches of the band is more prominent. By setting the hopping term tϭ0.36 eV consistent with band-structure calculations, we find the bandwidth of the present model is in the interval of 1.0-1.7 eV which is approximately in magnitude agreement to the experimental result of 1.2 eV in the angle-resolved photoemission spectroscopy for the layered manganese oxide. 10 It supports the present model to describe the ferromagnetic doped manganite. On the other hand, from this picture one can see that the shape of the QP dispersion is sensitive to the coupling J, which reveals that the orbital scattering has large influence on the motion of holes. The results of spectral functions for C type are shown in Fig. 2 . The quasiparticle peak is dominant at the low-energy regime. The correspondence QP energy of kϭ(0,0,0) spectrum is slightly different from that of kϭ (0,0,) , and in ͑c͒ the spectral weight is largely reduced at (,0,) compared to that of (0,0,0) by raising the hole energy dramatically. The absence of energy weight displayed in the density of states ͑DOS͒ in Fig. 2͑d͒ may reveal the existence of pseudogap. It also shows that a large weight accumulates around the bottom of the band. The location of the pseudogap is different from the result of the experiment, 10 in which pseudogap is at the chemical potential. The difference comes from that we take the chemical potential ϭ0, as our calculation is limited in a finite-size system with definite number of particles. Predominantly, the PG feature is presented around ϭ0 in the density of states ͑DOS͒. As a comparison, the results for G-type structure are shown in Fig. 3 . One can see that both the spectral functions and the DOS indicate the pseudogap around ϭ0, which is correlated with the large antiferromagnetic orbital fluctuation in this model. At (0,0,0) and (0,0,), A(k,) has a welldefined QP peak and a part of incoherent excitations. The density of states is completely different from that of C type due to their different free hole dispersions and k dependence couplings between holon and orbital wave. In Fig. 4 , we compare the two dispersions for G-and C-type ordering at Jϭ0.2t. It shows that the energy for the two types of ordering are almost degenerated around (,), while in many other momenta the energy for G type is lower than that of C type, which indicates that for the ferromagnetic spin structure the G-type ordering may be optimal which is in agreement with the previous investigations. 16, 25 An interesting aspect of such system is that the elementary excitations have mixed orbital-hole coupling, which gives large quantum fluctuation correction to the antiferromagnetic orbital phase. We expect that the different dispersions of C-and G-type orbital backgrounds may manifest themselves in the optical conductivity, and other observable that are strongly related to elementary excitations and the quantum fluctuation effects in the manganite systems.
Early results for usual t-J model
In conclusion, we have investigated the QP dispersion for a fully saturated spin and lightly doped manganite system. The effective Hamiltonian is derived for strongly correlated QP system with hole-orbital scattering. Based on the different G-and C-type ordering backgrounds, the hole dispersion exhibits completely different shapes, and lower energy is obtained on G-type orbital structure. The spliting between the two bands at k z ϭ0 and k z ϭ becomes larger upon increasing superexchange coupling. The pseudogap is apparently observed in the density of states and the spectral functions in specific moment points, which is explained by the correlation of antiferromagnetic orbital fluctuation. We believe that many anomalous properties of manganites are expected to be related to the orbital ordering. In this respect, our investigation of QP dispersion may be a prerequisite for a better understanding of the anomalous properties in the FM phase of doped manganites.
